Trapped-ion antennae for the transmission of quantum information 
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More than one hundred years ago Heinrich Hertz 
succeeded in transmitting signals over a few me- 
ters to a receiving antenna using an electromag- 
netic oscillator and thus proving the electromag- 
netic theory developed by James C. Maxwell [1 J. 
Since then, technology has developed, and today 
a variety of oscillators is available at the quantum 
mechanical level. For quantized electromagnetic 
oscillations atoms in cavities can be used to couple 
electric fields [2, 3j. For mechanical oscillators re- 
alized, for example, with cantilevers [4, 5j or vibra- 
tional modes of trapped atoms [6j or ions[7l (S]? a 
quantum mechanical link between two such oscil- 
lators has, to date, been demonstrated in very few 
cases and has only been achieved in indirect ways. 
Examples of this include the mechanical transport 
of atoms carrying the quantum information[9j or 
the use of spontaneously emitted photons [lOj. In 
this work, direct coupling between the motional 
dipoles of separately trapped ions is achieved over 
a distance of 54 /L^m, using the dipole-dipole in- 
teraction as a quantum- mechanical transmission 
line[llj. This interaction is small between sin- 
gle trapped ions, but the coupling is amplified by 
using additional trapped ions as antennae. With 
three ions in each well the interaction is increased 
by a factor of seven as compared to the single- 
ion case. This enhancement facilitates bridging 
of larger distances and relaxes the constraints on 
the miniaturization of trap electrodes. This rep- 
resents a new building block for quantum compu- 
tation and also offers new opportunities to couple 
quantum systems of different natures. 
The exchange of quantum information between qubits at 
remote sites is a key feature required to render quantum 
computation truly scalable[12j. The dipole-dipole inter- 
action offers a link between separate quantum systems 
without the need to shuttle particles between sites. The 
interaction strength depends on the orientation and dis- 
tance of the dipoles and is in general given by 
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where di are the interacting dipoles, r and eV denote the 
magnitude and direction of their separation. 
Here this interaction is explored using ions or ion strings 
held in two separate potential wells of a linear segmented 




FIG. 1. (a) Image of the two- layer segmented trap with gold- 
on-alumina electrodes. The electrodes are 250 /xm wide with a 
pitch of 280 /xm and the ion-electrode spacing is 258 /im. (b) 
Schematic close-up of the zone of interest. The electrode pairs 
used to generate the double-well potential are colour-coded: 
red for positive voltages, blue for negative voltages and green 
for compensation voltages, (c) The axial potential calculated 
with the parameters determined from the motional spectra in 
Fig.|4]is illustrated. 



ion trap (see Fig.[T]), where the interacting dipoles are 
produced by the oscillating charges. As the dipole-dipole 
interaction decreases rapidly with trap separation, it is 
advantageous to bring the trapping wells as close together 
as possible. However, the generation of small inter- well 
distances requires similarly small distances, d^ between 
the ions and the trap electrodes. This requirement runs 
counter to the effort to keep a larger ion-electrode separa- 
tion in order to reduce "anomalous heating" |i3l [M] with 
its scaling, and also the effects of technical noise of 
the applied voltages[15j. Various routes may be taken to 
balance these competing requirements. In one approach, 
the heating rate may be reduced through the use of cryo- 
genic temperatures [16j. Here, another approach is taken 
that uses more ions in the individual traps and enables in- 
teraction over larger distances. The additional ions work 
as "antennae" that increase the motional dipole moment 
at the respective trapping site. 

Given longitudinal alignment of the traps with one par- 
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tide in each well, the dipole-dipole interaction (Eq.[T]) is: 
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Here Qi and refer to the charge and mass of the parti- 
cles, Azi = (2m^u; ) "(^^^^l) ^^^^^^^ the vibrational am- 
plitude of the motion of ion i. The quantum- mechanical 
creation and annihilation operators, and a] act on 
the individual harmonic oscillators with frequencies uji. 
Rapidly oscillating terms have been neglected in Eq. 3. 

At resonance, i.e. for uji = cj2, the coupling described 
by Eq. (|3| leads to a complete exchange of motional states 
between the two ions after time Tgwap = tt/I^c- This is 
analogous to two coupled pendula connected by a (mass- 
less) spring. If one pendulum initially oscillates while 
the other is at rest, the motion is periodically exchanged 
between them. The first pendulum comes to a complete 
stop after a characteristic time, Tgwap, proportional to 
the associated spring constant. A quantum- mechanical 
description may be given using the vibrational quanta, 
n^, often labelled "phonons", in the individual wells. Un- 
der the dipole-dipole interaction an initial motional state 
|ni, 712) becomes entangled with all other motional states 
\n[^ n'2) respecting n'l = ni +77,2. Only at odd (even) 
multiples of Tg^ap is the swapped (original) basis state re- 
covered. Notably, the initial state |0, 1) evolves into the 
Bell-state (|0, 1) + |1, 0))/V2 after time Tswap/2, yielding 
a maximally entangled state of motion. This motional en- 
tanglement can be mapped on to the internal electronic 
state of the ions[17j. 

In the experiment presented the coherent energy ex- 
change is demonstrated between singly charged "^^Ca^ 
ions. They are held in an ion trap with gold-on-alumina 
electrodes arranged in a two-layer geometry (cf. Fig.jl]) 
similar to the one described in Ref. 18. Applying DC 
voltages of up to 110 V to seven adjacent electrode pairs, 
a double- well potential with a trap separation of 54 fim 
and trap frequencies of 537 kHz is created (see Meth- 
ods). The ions are Doppler-cooled on the S1/2-P1/2 tran- 
sition at 397 nm using a single, elliptically shaped laser 
beam, and detected by collecting the fluorescence light 
on an EM-CCD camera and on a photo-multiplier tube. 
Two 729 nm laser beams, individually focused on the 
two trapping sites, are used to perform sideband cool- 
ing on the S1/2-D5/2 transition and to map out the side- 
band spectrum[19j. During the 4 ms period of sideband 
cooling the 729 nm beam is alternated between the two 




FIG. 2. Energy exchange between two trapped ions over a 
distance of 54 /xm. The data show the average number of 
phonons in the first trapping well, (ni), after sideband cool- 
ing and a variable waiting time, r. The sequence for sideband 
cooling has been arranged to yield different phonon numbers 
in the two wells, revealing the state exchange as an oscillation 
of phonon numbers at the level of a few quanta. The observed 
time for a complete exchange is Tswap = 222(10) /is, indicat- 
ing a mode splitting of Qc ~ 27r x 2.25(4) kHz. A damping 
constant Tdamp=3(2) ms and a constant background heating 
of 1.3(7) quanta per millisecond are inferred from the fit to 
the data. The error bars indicate one standard deviation as 
inferred from Monte Carlo simulations. Lateral deviations 
of the data from the fit are attributed to small drifts in the 
resonance condition which modify the exchange rate. 



trapping sites at the approximate rate of the energy ex- 
change, leading to an imbalance of phonon population 
between the traps. Immediately following the cooling 
cycle a mean phonon number (ni) = 3.9(4) is observed 
in the first well, by comparing Rabi-flops on the red- 
and blue- sideband [19]. Fig. |2] shows the oscillatory be- 
haviour of the phonon number in this well as a func- 
tion of waiting time. The theoretical fit to the data in- 
dicates an exchange within Tgwap = 222(10) /is and an 
initial phonon population of (712) = 9(1) in the second 
well. Currently, the ions experience a heating rate of 
1.3(7) quanta per millisecond, which is comparable to 
other room-temperature traps[20]. 

Ideally, the exchange rate would be significantly larger 
than the average heating rate. To enhance the exchange 
rate strings of several ions can be used in the trap- 
ping wells. Approximating the individual ion strings 
as point-like objects with appropriately increased charge 
and mass, the resulting dipoles scale with the square root 
of the number of ions (see Eq.|4]), leading to an overall 
increase of the interaction rate proportional to the total 
number of ions. Using lighter ion species for antennae 
would enhance the coupling even more. 
This increase is demonstrated by mapping out the ions' 
excitation spectrum as the trapping frequencies of the 
individual sites are scanned through the resonance con- 



FIG. 3. (a) Oscillation frequencies of four trapped ions (two 
in each well) as a function of the axial control voltage [/ax, 
yielding a mode splitting of 5.5(3) kHz. The data points cor- 
respond to peaks in individual sideband spectra taken on the 
S1/2-D5/2 transition. The error bars are smaller than the dot 
size, (b) Example of an individual sideband spectrum. 



dition. The frequency scan is achieved by applying a con- 
trol voltage /7ax to an outer trap-electrode pair (see Meth- 
ods). The dipole-dipole coupling manifests as an avoided 
crossing, separating the mode frequencies by Qc- Close to 
resonance, the motion of the ion strings is strongly cou- 
pled, and the oscillation can be excited with 729 nm light 
on either of the two trapping sites[19j. Fig.js] (a) shows 
an example of this avoided crossing measured with two 
ions in each well while Fig. [3] (b) represents an individual 
sideband spectrum. The motional spectra of five ion con- 
figurations have been analyzed, using up to three ions in 
each well. The configurations and corresponding mode 
spectra are displayed in Fig. [4] The curves present cal- 
culations using a common set of fit parameters for the 
potential and for the action of the control voltage U^x 
(see Methods). For the configuration with one ion per 
well, the observed splitting of 1.9 kHz agrees within one 
standard deviation with the energy-exchange rate from 
Fig.[2) which was measured with the same trap parame- 
ters. The data further show that the splitting is increased 
from 1.9(3) kHz to 14(1) kHz by using up to three ions in 
each well, without any modification of the external poten- 
tial. The seven-fold increase of the coupling is beyond the 
factor three that is expected from a simple point-charge 
model and is due to the anharmonicity of the individual 
potential wells: as the outer potential walls are steeper 
than the inner ones, the ion-strings' centers of mass get 
closer as more ions are added. At the same time, the aver- 
age oscillation frequency is reduced. Both of these effects 
lead to an increase in the coupling strength (see Eq.[4|. 
The extent of the ion strings provides an additional in- 
crease when it becomes non-negligible with respect to the 
inter- well distance. 

The demonstrated coupling[2T] can be used in diverse 
schemes to create entanglement or to perform gates. The 
creation of Bell-states is discussed above and requires 
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FIG. 4. Experimentally observed dipole-dipole coupling for 
various ion configurations in a double-well potential. The 
graphs display the oscillation frequencies of the two lowest 
vibrational modes as a function of control voltage [/ax and 
reveal the mode splitting at resonance, (a) Unmodified trap 
frequencies, as measured with a single ion, in the first or sec- 
ond well, respectively, (b) Spectra with up to three ions in 
each well as depicted in the insets. The lines represent pre- 
dictions from numerical calculations and fit all data simulta- 
neously. A small drift in the control voltage of 7 mV over one 
hour has been taken into account, aligning the spectra on top 
of one another. By the use of three ions in each potential 
well the coupling is increased from 1.9(3) kHz to 14(1) kHz 
(see text). The vertical elongation of the ion pictures is due 
to abberations, arising from an off-axis position of the ions 
relative to the imaging axis. 



ground state cooling of the ions. One route to perform 
a thermally robust quantum gate has been described by 
Cirac et al.[llj, however it requires a state-dependent 
pushing force by an appropriate laser. It should be noted 
that a fast variant [22j of the thermally robust M0lmer- 
S0rensen gate[23j which uses bichromatic laser beams can 
also be implemented in a dipole-dipole coupled system 
between different trapping sites. If the laser frequencies 
are tuned to the mid-points of the red and blue sideband 
pairs, a gate can be performed within Tgate = 47r/r^c- 
The new coupling scheme also has a great impact on 
possible architectures for quantum computation. It is 
straight forward to imagine a linear array of ion traps, 
each holding a string of ions. Moreover, the coupling 
of parallel dipoles differs from longitudinal coupling by 
only a factor of —1/2, while under the quadrupole angle 
of Oq = arccos(Y^l/3) the coupling vanishes. Consider- 
ing oscillations along the trap axis, a two-dimensional 
array of traps may thus be realized, where unwanted 
coupling to nearest diagonal neighbours is suppressed. 
Bringing rows of traps pairwise into resonance allows the 
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creation of linear cluster states within two steps. A two- 
dimensional cluster state would only require two further 
steps by pairwise coupling of columns OJ- 
The amplification of the dipole-dipole interaction is not 
limited to ions. The presented technique may be di- 
rectly transferred to the coupling of trapped Rydberg 
atoms[25j. Furthermore, atomic and ionic systems may 
be combined. Neutral atoms have already been brought 
close to ionsp m i?? ] . When the ions' oscillation frequency 
is tuned into resonance with adjacent levels of a Rydberg 
atom, coupling between ions and Rydberg atoms may 
become achievable. 

METHODS 



Calculation of eigenfrequencies in the double-well 
potential. 



A symmetric double-well potential is created along the 
trap axis by applying 2.8 V, 110.4 V, -16.8 V, 13.7 V, - 
16.8 V, 110.4 V, and -33.0 V to the seven adjacent elec- 
trodes pairs marked in Fig.[l](b). The outermost elec- 
trode pairs are used to compensate for the asymmetry 
induced by the taper zone. The control voltage, /7ax, is 
additionally applied to the leftmost electrode pair, creat- 
ing a nearly-homogeneous electric field in the center re- 
gion. This shifts the trap frequencies of the two wells in 
opposite directions and is used to tune the wells into and 
out of resonance. In the region of interest the double- well 
potential is well described by a fourth-order polynomial, 
where the 0th order term does not infiuence the dynam- 
ics and the third-order coefficient has been eliminated by 
appropriate choice of origin: 

^pot(^) = ai • 2: + ^2 • 2:^ + ^4 • . (5) 

The polynomial coefficients ol^ and ol^ determine both 
the uncoupled trap frequency, cjq , and the inter- well sep- 
aration, r, at the symmetry point [28j {pL\ = 0). For the 
theoretical calculations, the action of the tuning voltage 
is modelled as a linear contribution to the coefficients 
ai = 4.61 X lO-^'^m-i and 0L2 = 0.9 x lO-^^m-^. The 
equilibrium positions for N ions, Zq = (^0,1, ^o,Ar), 
are those minimizing the total energy, U^^^ including the 
Coulomb interaction: 

N N-1 N 2 

i=l i=l j=i+l u I z j\ 

The theoretical data for the vibrational mode frequencies, 
cji, in Fig.[4]are computed from the two lowest eigenvalues 
of the Jacobian matrix of the total energy U^^{z^) at 
positions Zq^. These correspond to the modes where the 
individual ion strings move as a whole, approximating 
the motion of single particles. 
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